Whereas adipose tissue possesses a local renin-angiotensin system, the synthesis and regulated release of renin has not been addressed. To that end, we utilized differentiating 3T3-L1 cells and analyzed renin expression and secretion. Renin mRNA expression and protein enzymatic activity were not detectable in preadipocytes. However, upon differentiation, renin mRNA and both intracellular and extracellular renin activity were upregulated. In differentiated adipocytes, forskolin treatment resulted in a 28-fold increase in renin mRNA, whereas TNF␣ treatment decreased renin mRNA fourfold. IL-6, insulin, and angiotensin (Ang) II were without effect. In contrast, forskolin and TNF␣ each increased renin protein secretion 12-and sevenfold, respectively. Although both forskolin and TNF␣ induce lipolysis in adipocytes, fatty acids, prostaglandin E2, and lipopolysaccharide had no effect on renin mRNA or secretion. To evaluate the mechanism(s) by which forskolin and/or TNF␣ are able to regulate renin secretion, a general lipase inhibitor (E600) and PKA inhibitor (H89) were used. Both inhibitors attenuated forskolin-induced renin release, whereas they had no effect on TNF␣-regulated secretion. In contrast, E600 potentiated forskolin-stimulated renin mRNA levels, whereas H89 had no effect. Neither inhibitor had any influence on TNF␣ regulation of renin mRNA. Relative to lean controls, renin expression was reduced 78% in the epididymal adipose tissue of obese male C57Bl/6J mice, consistent with TNF␣-mediated downregulation of renin mRNA in the culture system. In conclusion, the expression and secretion of renin are regulated under a complex series of hormonal and metabolic determinants in mature 3T3-L1 adipocytes.
A LOCAL RENIN-ANGIOTENSIN SYSTEM (RAS) has recently been described in adipose tissue (1, 18, 20, 25, 29, 32, 35, 37, 44) , where its functional significance has been linked to a number of processes, including metabolism, differentiation, oxidative stress, and inflammation (1, 11, 19, 25, 37) . All the necessary components of the RAS, including renin, angiotensin-converting enzyme, and angiotensinogen (AGT) (20, 35) , are expressed in adipose tissue, although the specific cell type(s) responsible has not been completely defined. Although the role of the local adipose RAS is complex, it is clear that angiotensin (Ang) II, the terminal product of the catalytic cascade system, has many effects within adipose tissue. Indeed, antagonism of the RAS using pharmacological or molecular means improves insulin sensitivity (15) and decreases inflammation. Moreover, Ang II increases lipogenesis in cultured human and murine cells (19) , and AGT-knockout mice display decreased weight gain and decreased adipocyte cell size (30) .
AGT mRNA expression, protein synthesis, and regulation within adipose tissue has been investigated extensively, particularly with regard to the issue of fat-derived AGT contribution to circulating levels (29) . Renin enzymatic levels, however, have not been consistently detected in adipose tissue, and although renin expression within adipose tissue has been demonstrated (20, 35) , it has not been a consistent observation (9) . Nevertheless, renin appears to be an integral part in some parts of adipose biology. Mice lacking renin are resistant to dietinduced obesity (44) . In addition, when inserted into mice, the human renin gene showed tissue-specific regulation, including adipose tissue expression (40) . Since renin action on AGT is the rate-limiting step in the production of Ang II, the ultimate RAS effector, local expression and regulated release from adipose tissue may be an important regulatory mechanism for production of local Ang II.
Given the wide disparity of conclusions concerning adipose renin biology, we utilized the 3T3-L1 system to systematically investigate renin expression and enzymatic activity. During the course of this study, we made the novel observation that forskolin and TNF␣ function as major regulators of renin synthesis and secretion and report herein findings that characterize a linkage between proinflammatory cytokines and the local RAS system.
MATERIALS AND METHODS
Cell culture. 3T3-L1 preadipocytes, maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% calf serum, were differentiated to adipocytes, as described previously (41) . Briefly, cells were treated with 174 M insulin, 0.5 mM dexamethasone, and 0.25 M methylisobutylxanthine in DMEM supplemented with 10% fetal bovine serum at 2 days postconfluence (designated "day 0") and again with insulin on day 2. Insulin was withdrawn on day 4, and cells were maintained in DMEM-10% FBS until mature (days 6 -8) . Unless otherwise indicated, experiments were conducted with day 8 adipocytes.
Animals. C57BL/6J male mice were maintained on a high-fat (HF) or normal chow (LF) diet (F3282; BioServ), ϳ35 and 3.5% fat by weight, respectively, at weaning, and maintained for an additional 7-10 wk. HF feeding of C57Bl/6J mice results in diet-induced obesity and insulin resistance (42) . Animal protocols were approved by The University of Minnesota Institutional Animal Care and Use Committee.
Protein isolation. To isolate intracellular protein for renin activity measurement, cells in culture were rinsed with 1ϫ PBS to remove residual media. Ice-cold protease inhibitor buffer (PIB) consisting of 0.15 M sodium phosphate buffer (pH 7.45), 1% BSA, 0.05% NaN 3, and serine, metallo-, and thiol protease inhibitors [15 mM EDTA, 2.3 mM captopril, 2 mM 8-hydroxyquinoline, 10 mM sodium tetrathionate, 20 mM benzamidine, 10 mM N-ethylmaleimide, 3 mM PEFABLOC (Sigma), 20 M leupeptin, and 450 M aprotinin] was added directly to culture plate, and cells were scraped off the plate. Cell suspension was homogenized with a 1-ml dounce glass homogenizer and centrifuged at 100,000 g to remove cellular debris. Supernatant was collected and frozen at Ϫ70°C for renin activity assay.
Renin concentration measurement. Fifty microliters of sample (either soluble adipose protein or culture medium), 25 l of renin-free rat AGT [obtained from 48-h bilaterally nephrectomized rats, as described previously (23)], and 25 l of sodium phosphate buffer (0.15 M, pH 7.45, 2.5% BSA) were incubated at 37°C for 0, 0.5, and 1 h in duplicate to generate Ang I. As described previously, AGT levels in the assay are at near-saturating conditions such that Ang I generation over time is directly proportional to renin concentration (21) (22) (23) . Ang I was subsequently quantified by radioimmunoassay, as described previously (21) . Briefly, I
125 -labeled Ang I was mixed with a polyclonal primary antibody directed toward Ang I (27) and incubated at 4°C overnight. Secondary antibody (anti-rabbit IgG; SigmaAldrich) in a mixture of 4% polyethylene glycol (molecular weight ϭ 8,000) with 0.5% rice starch was added for 10 min at 4°C to precipitate primary antibody-Ang I complex. Samples were centrifuged for 20 min at 2,000 g, and the supernatant was discarded. Radioactivity in the pellets was measured and compared with known Ang I standards to calculate the initial renin concentration.
Shallow gradient isoelectric focusing of renin and cathepsin D. Shallow gradient isoelectric focusing was performed as described previously (21) . Gels were frozen, cut into 65 slices, and incubated in PIB overnight at 4°C to elute the separated proteins. Fifty microliters of the extracted protein from each gel slice was assayed for renin activity at pH 7.45 as described. Cathepsin D activity was measured from 10 ul of the extracted protein at pH 4.1 using porcine tetradecapeptide as a substrate, as described previously (21) .
RNA isolation and quantitative real-time reverse transcriptase polymerase chain reaction. Cultured adipocytes and adipose tissue were harvested in Trizol (Invitrogen) for total RNA isolation according to the manufacturer's protocol and DNase treated (Ambion) prior to cDNA synthesis. cDNA synthesis was performed using iScript cDNA synthesis kit (Bio-Rad). Five nanograms of cDNA in duplicate was diluted to 20 l of total volume in iQ SYBR Green Supermix (Bio-Rad) for quantitative real-time reverse transcriptase polymerase chain reaction (qRT-PCR) analysis of renin and transcription initiation factor IIE (TFIIE) message levels. qRT-PCR was performed using a Bio-Rad My iQ iCycler with subsequent data acquisition and analysis with Bio-Rad iQ5 software. Real-time RT-PCR primers to renin (forward TGAAGAAGGCTGTGCGGTAGT, reverse TC-CCAGGTCAAAGGAAATGTC) and TFIIE (forward CCAGGCTT-TAGGGGACCAGATAC, reverse CATCCATTGACTCCACAGT-GACAC) were designed using MacVector Software. All qRT-PCR data were normalized to TFIIE.
Statistical analysis. Renin enzymatic activity during 3T3-L1 adipose conversion was analyzed by Kruskal-Wallis one-way analysis of variance on ranks. Differences between groups were further analyzed via the Student-Newman-Keuls method for all pairwise multiple comparisons; n is between 3 and 6 for each sample. Inducible renin release from cultured preadipocytes and adipocytes was analyzed by Kruskal-Wallis one-way analysis of variance on ranks followed by Dunn's method for multiple comparisons vs. control group. Data are representative of multiple experiments; n ϭ 3 for each treatment. Renin release dose-response curves were analyzed via sigmoidal dose-response curve calculation of simple ligand binding for calculation of K0.5; n ϭ 6 for each data point. Statstical analysis of TNF␣ and forskolin treatment of day 8 3T3-L1 adipocytes on renin release, intracellular renin levels, and renin mRNA expression were analyzed by two-way ANOVA followed by the Holm-Sidak all-pairwise multiple comparison procedure. Culture media renin activity data for both TNF␣ and forskolin treatment were square root transformed to pass the normality test. Statistical analysis was performed on the ⌬CT values for renin message data; n ϭ 6 per data point. Attenuation of regulated renin release enzyme activity measurements was analyzed Fig. 1 . Renin enzymatic activity during 3T3-L1 adipose conversion. 3T3-L1 preadipocytes were maintained and differentiated as described in MATERIALS AND METHODS. Media, cells, and total RNA were collected every 48 h and assayed for secreted or intracellular renin activity via enzymatic radioimmunoassay and renin message via quantitative real-time RT-PCR (qRT-PCR). A: secreted (medium) renin enzymatic activity. B: intracellular renin enzyme activity from cultured adipocyte cell extracts. C: relative renin mRNA levels during adipose conversion normalized to transcription initiation factor IIE (TFIIE). Data are representative of 3 separate experiments for each plot; n ϭ 3-6 for each sample. Data were analyzed by Kruskal-Wallis 1-way analysis of variance on ranks followed by Student-Newman-Keuls method for all pairwise multiple comparison procedures. *P Ͻ 0.05 vs. day 0 (preadipocytes). Ang I, angiotensin I.
by Kruskal-Wallis one-way analysis of variance on ranks followed by the Student-Newman-Keuls method for all-pairwise multiple comparisons. Relative renin expression data were analyzed by one-way ANOVA followed by Holm-Sidak all-pairwise multiple comparison procedure to analyze differences between groups; n ϭ 4/treatment, and P Ͻ 0.05 is significant. The expression of renin in epididymal adipose tissue was analyzed by Student's t-test.
RESULTS
The RAS has been implicated in a variety of adipose tissue functions, and the significance of adipose-derived renin to either a local or systemic RAS is controversial. Some reports have detected renin protein enzymatic activity from adipose tissue in addition to renin mRNA (35) , whereas others have failed to detect renin mRNA expression (9) . To address the role of renin enzyme production and release from adipocytes, the 3T3-L1 culture system was investigated for secreted (medium) and intracellular renin protein enzymatic activity and message ( Fig. 1) . Renin message and protein activity were undetectable in preadipocytes (day Ϫ2 and day 0; Fig. 1 ); however, during adipose conversion, renin mRNA levels increased dramatically (days 2-4), with significant increases in intracellular renin (Ͼ1,000-fold, P Ͻ 0.05) and media renin (Ͼ500-fold, P Ͻ 0.05) (Fig. 1 ). Renin mRNA, intracellular renin, and secreted renin all declined in abundance over the next 3-5 days to new steady-state levels markedly above those in preadipocytes. Intracellular renin activity remained significantly elevated above preadipocyte levels (ϳ300-fold) in day 8 fully mature adipocytes (Fig. 1B) . Treatment of preadipocytes with insulin, dexamethasone, or methylisobutylxanthine (MIX) individually displayed no significant increases in renin message level or protein activity above untreated preadipocytes (data not shown).
Although AGT is the only known substrate for renin, other enzymes are able to cleave AGT to Ang I and thus potentially obscure measurement of renin activity in the 3T3-L1 cells and media. Although serine, metallo-, and thiol proteases are inhibited in the renin assay, aspartyl proteases are not inhibited. Since cathepsin D is an aspartyl protease with ϳ40% sequence similarity to renin and is capable of cleaving AGT to Ang I, we demonstrated that the renin activity measured in 3T3-L1 cells is derived from renin and not cathepsin D. We utilized shallow gradient isoelectric focusing to separate the two enzymes followed by enzyme assay. In this assay, the activity profile as a function of gel slice (pH) represents a diagnostic fingerprint for distinguishing various enzyme activities. Since C57BL/6J mice only have the single ren1 gene, a C57BL/6J mouse plasma focusing profile is shown as a positive control for murine ren1 ( Fig. 2A ) and demonstrates that renin glycoforms (22) focus as a cluster of activities between pH 5.0 and 6.5 ( Fig. 2B ). Renin activity in the medium from 3T3-L1 adipocytes ( Fig. 2C) focused with an isoelectric point activity profile similar to that of mouse plasma renin. In contrast, the cathepsin D activity profile was distinct from that shown by renin and focused with a distinctive pattern of activities at pH 6.5, pH 5.0, and pH 4.5. Since the renin activity profile does not overlap with that of cathepsin D (Fig. 2C) , the 3T3-L1 renin concentration measurements are independent of cathepsin D activity, as has been reported previously in rat and human (21) . Similarly, cell extract renin activity profile (Fig. 2D) focused with the same pH range as C57BL/6J plasma renin, whereas the cathepsin D activity profile focused outside the pH range of C57BL/6J plasma renin, media renin, and cell extract renin.
The wide disparity of reports on the mRNA or secreted levels of renin suggested that the control of renin production and release may be a regulated process. To test this hypothesis, day 8 adipocytes were treated for 24 h with a variety of potential regulatory molecules followed by media analysis of renin enzymatic activity. Treatment of adipocytes with 1 M C-type natriuretic peptide (CNP), 1 g/ml lipopolysaccharide, 10 M isoproternol, 100 ng/ml IL-6, 100 nM prostaglandin E 2 , 1 ϫ 10 Ϫ5 M Ang II, 100 M H 2 O 2 , 500 M oleate, 500 M palmitate (each fatty acid delivered on 100 M bovine serum albumin), or 100 nM insulin each was ineffective in altering media renin levels above vehicle controls (Fig. 3) . Although not statistically significant, MIX did slightly increase media renin levels, suggesting that some component of the cAMP and/or lipolysis system may be regulatory. Pursuing this concept further, 100 M forskolin and 1 nM TNF␣, two agents known to increase fat cell triglyceride hydrolysis, dramatically increased renin enzymatic activity in the culture media of day 8 adipocytes 12.6-and 7.5-fold, respectively (P Ͻ 0.05; Fig. 3) .
Although adipose conversion in culture is routinely Ͼ85% (measured by macroscopic lipid accumulation), it can vary experimentally, leading to differing levels of residual preadipocytes. Although preadipocytes did not show detectable renin activity or message (day 0; Fig. 1) , it may be possible for preadipocytes to synthesize or secrete renin upon 24-h TNF␣ or forskolin stimulation. Therefore, we treated preadipocytes with TNF␣ and forskolin to measure their effects on culture media renin activity. TNF␣ was unable to increase culture media renin enzymatic activity above that of untreated preadipocytes (both were nearly undetectable; Fig. 3, insert) . Forskolin treatment did show a significant increase in culture media enzymatic activity vs. untreated preadipocytes; however, absolute renin activity was negligible compared with forskolintreated mature adipocytes (ϳ100-fold less; Fig. 3, insert) . Therefore, residual preadipocytes in the day 8 adipocyte population do not significantly contribute to renin activity.
To further characterize the effects of forskolin and TNF␣ on renin release from cultured adipocytes, we evaluated the concentration dependence for each compound (Fig. 4) . , 100 nM prostaglandin E2 (PGE2), 100 ng/ml IL-6, 1 ϫ 10 Ϫ5 M angiotensin II (Ang II), 100 nM insulin, 100 M hydrogen peroxide (H2O2), 100 M palmitate, 100 M oleate (fatty acids delivered on 100 M bovine serum albumin), 0.115 mg/ml methylisobutylxanthine (MIX), 100 M forskolin, and 1 nM TNF␣. *P Ͻ 0.05 vs. vehicle control; n ϭ 4 -6 for each sample. Insert: effect of 100 M forskolin and 1 nM TNF␣ on culture medium renin activity of cultured preadipocytes. *P Ͻ 0.05 vs. vehicle control; n ϭ 6. pM (Fig. 4B) . Forskolin treatment displayed a more robust increase in media renin activity than TNF␣ of 66 ng Ang I⅐h Ϫ1 ⅐ml
Ϫ1
, at a dose of 100 M, with a K 0.5 of 38 M (Fig. 4A) . Forskolin treatment displayed a time-dependent increase in media renin activity, with a maximum induction of ϳ13-fold at 24 h (Fig. 5A ) as well as a decrease in intracellular renin protein levels of 42%, P Ͻ 0.05, at 24 h relative to vehicle (Fig.  5B) . qRT-PCR analysis of renin message during forskolin stimulation revealed a significant increase in renin message of 28-fold (P Ͻ 0.05) after 16 h of treatment and then declined to a 9.5-fold increase after 24 h (Fig. 5C) . In parallel studies, TNF␣ treatment increased media levels of renin 7.4-fold (P Ͻ 0.05) at 48 h (Fig. 5D) . Whereas forskolin displayed significant increases (2.1-fold, P Ͻ 0.05) in media renin activity at 30 min, TNF␣ induction of renin media activity was significantly delayed and did not increase above vehicle control until 4 h of treatment (Fig. 5D ). In addition, although intracellular levels did trend toward a decrease in the TNF␣-treated samples (Fig.  5E ), no statistical difference was observed, perhaps due to the decline in intracellular renin levels between day 8 and day 10 adipocytes (Fig. 1B) . In contrast to forskolin, TNF␣ treatment resulted in a 4.2-fold decrease (P Ͻ 0.05) in renin message by 16 h, which continued through 48 h, the furthest time point evaluated (Fig. 5C) .
Given the ability of forskolin and TNF␣ to regulate adipocyte lipolysis, albeit by different mechanisms, we utilized pharmacological inhibition as an experimental tool to probe the mechanism of regulated renin release. First, since forskolin activates adenylyl cyclase, H89, a protein kinase A inhibitor, was used to disrupt cAMP activation and subsequent intracellular signaling. Moreover, some reports have suggested a role of cAMP-mediated intracellular signaling with TNF␣ stimula- Fig. 5 . Effect of forskolin and TNF␣ treatment on renin enzymatic activity and message levels in 3T3-L1-cultured adipocytes. Day 8 3T3-L1 adipocytes were treated with either 100 M forskolin or 1 nM TNF␣ for indicated periods of time, and medium renin enzymatic activity, intracellular renin enzymatic activity, and renin mRNA levels were analyzed. A: forskolin-regulated secreted renin enzymatic activity. B: forskolin-regulated intracellular renin enzymatic activity. C: qRT-PCR analysis of renin message levels normalized to TFIIE following forskolin treatment. D: TNF␣-regulated secreted renin enzymatic activity. E: TNF␣-regulated intracellular renin enzymatic activity. F: qRT-PCR analysis of renin message levels normalized to TFIIE following TNF␣ treatment. Statistical analysis via 2-way ANOVA followed by HolmSidak all-pairwise multiple comparison procedure to analyze differences between groups. *P Ͻ 0.05 vs. same time point vehicle control. Data are representative of multiple experiments; n ϭ 6/data point. tion (26, 36, 48) . Second, E600, a general lipase inhibitor, was used to block the production of fatty acids from triacylglycerol hydrolysis. H89 decreased forskolin-induced renin release by 59% (P Ͻ 0.05) at 24 h of treatment, whereas E600 completely attenuated rennin secretion (Fig. 6A) . Neither inhibitor had any effect on TNF␣-induced renin release (Fig. 6B) .
Renin message levels were also analyzed after 24-h treatment with or without E600 and H89. Twenty-four-hour forskolin treatment increased renin expression above vehicle control 3.5-fold (Fig. 6C) . Whereas H89 had no effect on forskolin-induced induction of renin message (Fig. 6C) , E600 in contrast increased renin expression ϳ40-fold above vehicle control (Fig. 6C) . Twenty-four-hour TNF␣ treatment decreased renin expression by Ͼ60% (Fig. 6D) , whereas TNF␣ plus H89 or E600 treatment did not significantly affect the reduction in renin message (Fig. 6D ). E600 and H89 alone had no effect on renin expression with 24-h treatment (Fig. 6, C and D) .
Obesity and insulin resistance are associated with increased basal inflammation as well as sympathetic drive (14) . Therefore, it is likely that obesity may modulate renin message levels in the pathologically obese/insulin-resistant state. To address the potential interaction of obesity and insulin resistance on renin message levels, obese insulin-resistant C57BL/6J mice maintained on a HF diet (42) were compared with LF-fed mice. Twelve-week-old male mice on a HF diet (n ϭ 9) displayed a 2.5-fold increase in epididymal white adipose tissue as a percentage of total body mass over normal-chow counterparts (n ϭ 9) (Fig. 7A) . Total body weight was also significantly increased 1.43-fold in the HF mice, P Ͻ 0.001 (data not shown). qRT-PCR analysis revealed a 78.1% decrease (P Ͻ 0.01) in the epididymal white adipose tissue renin expression of obese male mice compared with normal-chow controls (Fig. 7B ).
DISCUSSION
A variety of studies support an interaction between a local adipose RAS and obesity, oxidative stress, insulin resistance, and inflammation (13, 19, 25, 32, 37, 39, 44) . Considerable effort has been directed toward adipose tissue-derived AGT effects within adipose tissue as well as its contribution to the systemic RAS (1, 29, 30) . Previous reports have shown that AGT-null mice have hypotrophic adipose tissue (30), whereas overexpression of AGT is able to attenuate adipose tissue dysfunction as well as partially reconstitute plasma AGT levels (29, 30) . Moreover, adipose tissue expresses Ang II receptors, implying a local signaling function of AGT (5) through Ang II production. Despite the widespread interest in adipose tissue RAS function, little data exist with regard to the role of renin (9, 10, 20, 35, 38) . Herein, we report that renin is synthesized and secreted by cultured 3T3-L1 cells in a regulated manner.
To assess renin expression, we utilized the differentiating 3T3-L1 cell culture system. Although 3T3-L1 adipocytes do not faithfully mirror all the functions of adipocytes in vivo, they do represent a convenient, reproducible, cell culture-based system for analysis of adipose genes and protein (3) . Using the 3T3-L1 system, we found that renin message and enzymatic expression are greatly increased during adipocyte differentiation (Fig. 1) . Renin expression was maximal on about day 4 and declined by days 8 -10 to a new steady-state level. The biphasic nature of adipose renin expression during differentiation is shared with many other adipocyte proteins, such as the adipocyte fatty acid-binding protein (aP2), pyruvate carboxylase, and fatty acid synthase (3, 6) , commonly referred to as "late" adipose markers. Despite the decline in renin expression late in the differentiation program, renin expression and activity in adipocytes is much greater than in undifferentiated preadipocytes (Fig. 1) .
Macrophage infiltration and subsequent TNF␣ production play an important role in the pathogenesis of obesity-induced inflammation (2, 14, 31, 33, 43) . Adipose tissue in both diet-induced and molecular genetic models of obesity has significant increases in macrophages, and adipose tissue TNF␣ production is due primarily to macrophage synthesis (47) . In addition, renin expression has been demonstrated in rat peritoneal macrophage cells (17) , suggesting that adipose tissue renin may be derived from macrophages. However, we were unable to measure renin mRNA expression in RAW 264.7 macrophage cells by qRT-PCR, and renin enzymatic activity was undetectable in cell extracts or culture media (data not shown). These results suggest that, in adipose tissue, the adipocyte is a primary locus for renin expression.
To ensure that the renin activity measured in the 3T3-L1 system was due to renin protein and not to a similar enzyme, we evaluated the potential contamination of cathepsin D. Early literature measuring tissue renin enzymatic activity was often performed at an acidic pH, allowing for the lysosomal enzyme acitivity of cathepsin D to contribute to perceived renin activity (21) . Previously published reports in the rat and human have demonstrated that a neutral pH assay buffer is able to effectively distinguish between renin and cathepsin D activity. Here we demonstrate that the assay for murine renin is independent of contaminating cathepsin D activity. This was shown by the diagnostic nonoverlapping isoelectric focusing activity profiles for murine renin and cathepsin D. In addition, since the renin detected in media and cellular extracts from 3T3-L1 cells has the same focusing profile as C57Bl/6J mouse plasma renin, and it is distinct from that exhibited by cathepsin D, it is highly unlikely that other contaminating proteases are interfering with the renin measurement. Consistent with this, plasma from a C57Bl/6J mouse that had undergone a bilateral nephrectomy exhibited a 96% reduction in renin activity (data not shown). In addition, unlike other species, some mice, including those from which the 3T3-L1 cell system was developed, possess two renin genes, ren1 and ren2. Ren2 has previously been shown to be nonglycosylated and will display a single peak of activity in an isoelectric focusing gel, whereas the differentially glycosylated ren1 will display multiple peaks (22) . C57Bl/6J mice possess only a single renin gene, ren1, which was measured as a positive control for ren1 profiling ( Fig. 2A) . Here we show that ren1 activity is expressed in our 3T3-L1 system, as evidenced by multiple renin activity peaks (Fig. 2) , but is clearly distinct from the cathepsin D profile. It is also possible that ren2 is synthesized as a relatively minor component.
The RAS has been implicated in a variety of adipose tissue functions (25, 29, 30, 37, 39) . Therefore, we evaluated a variety of regulatory factors thought to be involved in obesityassociated pathologies or previously linked to kidney regulation of renin synthesis/secretion to assess which, if any, may regulate renin synthesis and/or secretion from differentiated adipocytes (Fig. 3) . Since cAMP and cGMP are known to regulate kidney renin, we treated cells with CNP to induce cGMP synthesis as well as forskolin and MIX to increase cAMP production. In addition, LPS and TNF␣ are important regulators of inflammation associated with pathological obesity, whereas isoproterenol treatment stimulates ␤-adrenergic receptors activated in adipose tissue. Furthermore, we treated cells with hydrogen peroxide to increase oxidative stress as well as prostaglandins and Ang II, known regulators of kidney renin levels (34) . Of these treatment groups, forskolin and TNF␣ were identified as potent agonists of renin release from mature adipocytes (Fig. 3) . Both compounds displayed sigmoid activity plots, suggesting a single binding event. Forskolin displayed a K 0.5 of 38 M and TNF␣ a K 0.5 of 270 pM, both of which are consistent with the induction of other regulated processes in cultured adipocytes (Fig. 4) (7, 24, 28) .
The kinetics of renin secretion in the culture medium from intracellular stores and concomitant changes in renin mRNA expression in response to either forskolin or TNF␣ followed distinctly different progressions. Forskolin induced a rapid release of renin into the culture medium and was accompanied by a decrease in intracellular renin and increase in renin mRNA expression (Fig. 5) . In contrast, TNF␣ treatment resulted in a relatively slow appearance of renin activity in the medium and was accompanied by a decrease in renin mRNA expression. As such, although both forskolin and TNF␣ lead to increased renin secretion, their differing kinetics and opposite effects on renin mRNA expression imply distinctly different regulatory processes. Although little is known about the regulation of renin release from adipocytes, it is interesting that increased cAMP strongly stimulates adipocyte renin release analogous to kidney juxtaglomerular cells (34) . TNF␣ has also been shown to decrease renin expression in juxtaglomerular cells primarily by transcriptional inhibition, and TNF␣ Ϫ/Ϫ mice have threefold higher basal renin mRNA expression (45) . Furthermore, modulation of cAMP activity via PKA inhibition (H89) supports cAMP-mediated renin release in forskolin-treated adipocytes, whereas in contrast the lack of H89 effect in TNF␣-treated adipocytes (Fig. 6) suggests that renin release may be cAMP independent. Since both forskolin and TNF␣ induce lipolysis in adipocytes, albeit by different mechanisms, a potential linkage to renin release may be related to production of free fatty acids. However, fatty acids themselves (oleate or palmitate) were ineffective in regulating renin release (Fig. 3) . Interestingly, E600 (a pan-specific triglyceride hydrolase inhibitor) completely attenuated forskolin-induced renin release, whereas it had no effect on TNF␣-mediated renin release (Fig.  6 ). As such, it is unclear at this time what mechanism(s) is involved in the E600 inhibition of renin release. Further experiments may elucidate the signaling mechanisms by which cAMP and TNF␣ induce renin release from cultured adipocytes.
In pathological obesity, adipose tissue is associated with increased inflammatory cytokine burden (2, 14, 31, 33, 43) . TNF␣ has previously been shown to increase AGT and Ang II in cultured adipocytes (12) , and in this report we extend the effects of TNF␣ to increased secretion of renin. Concomitant with increased renin secretion was a 4.2-fold (P Ͻ 0.05) decrease in renin message in TNF␣-treated cultured adipocytes. A decrease in renin message was also observed in high-fat-fed obese, insulin-resistant mice compared with normal chow-fed control animals. Moreover, suppression of renin expression by chronic TNF␣ exposure may decrease the effectiveness of other renin-stimulating processes. Although the mechanistic basis of TNF␣-mediated renin secretion and suppression of message remains unclear, one explanation is that, in an obese insulin-resistant state, chronically elevated TNF␣ levels alter the normal role of a local adipose RAS system though decreased renin expression and in part contribute to obesity-associated pathology.
One intriguing hypothesis regarding the role of a local RAS system in adipose tissue is participation in adipose tissue expansion and differentiation. Adipose tissue is highly vascularized and is dependent on neovascularization (possibly by vascular endothelial growth factor and/or Ang II) for expansion (4, 8, 46) . Consistent with this, Ang II receptor blockers decrease the angiogenic effects of Ang II (16) . Therefore, TNF␣-or cAMP-mediated induction of renin release may be involved in the production of Ang II and induction of adipose angiogenesis during normal adipose tissue expansion. If the RAS is involved in normal adipose tissue expansion, as evidenced by decreased adipose tissue mass in AGT Ϫ/Ϫ , ACE Ϫ/Ϫ , and renin Ϫ/Ϫ mice (18, 30, 44) , then pathological decreases in renin expression and subsequent decreased production of Ang II may be in part responsible for failure of normal adipose expansion in the obese state. Modulation of the RAS, specifically at the rate-limiting step (renin action on AGT), may be a potential therapeutic option to limit further adipose tissue expansion. Future studies will focus on the mechanism of renin secretion and role(s) for the local RAS system in adipose biology.
